This document was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor the University of California nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial products, process, or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement recommendation, or favoring of the United States Government or the University of California.
emission of daughter product x-rays. For example, when 23% alpha decays the result is a radioactive 231Th nucleus. This thorium isotope decays by both gamma emission and internal conversion (IC). Internal conversion results in an electron being ejected; usually from the K-shell; but L, M etc. shell conversion are also possible. This ejected electron leaves a hole in the atomic orbit that is filled by the fall of another electron from a higher electron orbital, giving rise to a thorium x-ray spectrum associated with the decay. In addition, x-rays are also produced by gammas interacting (via the photoelectric effect) in the material itself-so called fluorescent xrays. In the case of a pure uranium sample these will be uranium x-rays. Internal conversion processes give rise to characteristic x-rays of the daughter product (not the parent) and are not proportional to the amount of material (the amount of thorium in a decaying sample of purified uranium is very small) in the sample. Internally conversion induced x-rays are proportional to the number of decays; i.e. each decay has a fractional output of x-rays of the daughter product regardless of the parent material present in the sample. This fact makes these x-rays usable for isotopic analysis if the sample has a very low concentration of daughter material (Th). To accurately use these IC x-ray peaks requires that the thorium present in very old "natural" uranium samples be removed. X-rays induced by the photoelectric effect (fluorsecent x-rays) have energies characteristic of the bulk material-being proportional to the mass of material present in the source. The observed x-rays, from both fluorescent and internally converted sources, must originate within a mean free path of the surface to be easily observed.
Branching ratio and gamma, x-ray energy data have been published in various places1,2,3,4 for 235U and 238U and some of their daughter products; but this data is sometimes incomplete, or of inadequate accuracy. The current status of this data are summarized in Appendix A. Figure 1 shows the main decay scheme for 235U and 238U. Pure 238U emits only a 49.55 keV gamma that is so weak as to be almost useless for analysis (see Figure 2. ). Fortunately, 238U alpha (and beta) decays so that in within a few months it is in equilibrium with the 238U decay and there are gammas from 234Th, 234Pa and 234U available for analysis.(see Appendix E for a discussion of equilibrium). The small percentage (.0057%) of natural 23U typically observed is due to the constant decay of 238U. Similarly 235U relatively quickly decays to equilibrium with its daughters, 231Th and 231Pa. Samples of uranium that have been enriched or separated can be analyzed for their 235U concentrations by using these daughter product decays in all cases except very fresh (<2 month old) samples. At present the only way to accurately measure "fresh' samples before equilibrium is established is to use mass spectrometry.
Alternately, using high resolution gamma spectrometers, the spectra can be measured and the 235U/238U ratio determined by finding the peak intensities of neighboring gamma (or x-ray) peaks from each isotope. By taking intensity ratios on gamma peaks very close to the same energy, the detector efficiency and gamma attenuation differences in the sample will be small and to first order cancel. When referring to the 238U peaks in the following discussion the assumption is made that the gamma spectrum is in equilibrium with daughters 234Th(24.1 d) , 22Pa (6.70 hr.), 234mPa( 1.17 min.), but not 234U(2.457E5 yr.) and its daughters. Similarly, the 235U spectrum is assumed to be in equilibrium with its daughter 231Th(25.52 hr.) ,but not 231Pa(3.276E4 yr.) and its daughters. -3-
The isotopic abundance is related to the observed peak intensities by the following relation: 
TI= Gamma transmission to detector
The isotopic ratio is given by the following equation:
Where: A1/A2 = isotopic ratio hl = .6932/T1 = decay constant T1 = material one half-life (in seconds) 11 and I2 = measured peak intensities from isotope 1 and 2 respectively T1 and T2 = half lives, in the same time units, of isotope 1 and 2 respectively €1 and E2 = gamma counting efficiencies of isotope 1 and 2 respectively B1 and B2= branching ratios for characteristic gamma rays of isotope 1 and 2 respectively Analysis is greatly simplified by the following observations:
E~Q / ~1~1 % 1 if the two gammas are close to the same energy Q1 = Q 2 The fractional solid angle of detector is the same for both gammas and cancels out.
hi and h2 are known from the previously measured half lives.
B1 and B2 are known from the previously measured branching ratios 11 and 12 have to be determined extremely accurately to get precise isotopic ratios.
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The analysis proceeds on the assumptions that the solid angle terms cancel out and the half-lives and branching ratios of the respective gamma rays and x-rays can be determined. The efficiencies for detecting gamma rays are harder to determine; involving the intrinsic detector efficiencies and the overall detector and counting geometry used to obtain the data. Gamma and x-ray transmissions are nearly equal for energies close to each other. Fortunately, for gammas and xrays close in energy the ratio of these terms, ~2 7 2 / ~1 7 1 = 1. Approximate detector efficiencies and gamma transmission corrections are used to make first order corrections to this ratio. The accuracy of determining the isotopic ratio, A1/A2, is largely determined by the accuracy of determining the respective peak intensities, 11/12. The U235 code determines these peak intensities as accurately as possible and then applies the second order corrections for efficiency and transmission differences between the ratioed peaks to get as accurate an answer as possible.
A literature survey of 235U and 238U gammas and their daughter products found a number of peak groupings that could potentially provide information on isotopic ratios. These are listed in Appendix A. The survey also found that the state of information on the branching ratios and energies of 235U and 238U and their daughter products gammas (and x-rays) were of mixed quality.
The 235U Analysis Code-U235
The 235U Analysis Code-U235 was written to accomplish three main goals: first develop a tool that can accurately determine uranium isotopic ratios; second extend the applicability of the code to very low 235U concentrations (depleted sources) and third to very high 235U concentration (enriched) sources. Presently the code works for uranium samples that are 0.05% 235U to 95% 235U. Code algorithms have been found that very precisely subtract the "background" signal and fit the observed peak shapes. X-rays were fit with a Voight profile, the shape resulting from the Lorenzian profile emitted by the x-rays and the gaussian detector response. Gammas were fitted with a gaussian profile and a low energy exponential tail. (see Figure 5 and 6 for examples of these profiles). Techniques were developed to unfold the complex peak multiplets observed in the spectra using mathematical descriptions of the peak shapes and utilizing Taylor series minimization to fit the observed data as accurately as possible.
There are several potential energy regions in the uranium gamma ray spectra that can be used to calculate isotopic abundance ratios. In this report only gammas (and x-rays) less than 300 keV are considered. This energy region is measured by a "typical" low energy Ge detector set with a gain of .075 keV/channel and 4096 channels of data. A number of 235U + 238U spectra were available for this detector arrangement, making it a "natural" first place to start analysis. The only serious limitation this energy range imposes is the relative few 238U (and daughters) peaks less than 300 keV. Fortunately there are two relatively strong 238U/234Th lines at 92.365 and 92.790 keV and a relatively strong IC x-ray at 93.356 keV 235U/Th-kal. (See Appendix A) Higher energy analysis suffers from the opposite problem, there are very few useful 235U peaks above 205 keV. One of the disadvantages of using gammas in the 80 to 300 keV range is their limited transmission through thick'' material. This restricts the applicability of the analysis procedures to homogenous sources or "thin" heterogeneous uranium sources.
-5- Energy (keV) Figure 2 . shows a plot of a 99.983% 238U spectrum from 20 -80 keV. Clearly shown is the only gamma directly associated with the 238U decay--the 49.55 keV peak. The strongest line in this region is the 238U-->234Th daughter line at 63.29 keV. The first number on the peak labels above shows their energy, the second number their approximate peak counts and the third their origin.
-6 -1000. -8-
The 80-85 keV Energy Region
The lowest energy range of "practical" use is the 81-85 keV region. It contains peaks due to 235U ( 81.228,82.087, and 84.214 keV) as well as a 83.300 keV peak due to 238U/ 234Th decay. Figure 5 .
shows the spectrum of a 10.075% 235U sample. Even though the lead x-rays are weak they are a typical "contaminant" to spectra in this region and have to be accounted for accurate peak intensity determinations. The 83.30 238U/ 234Th peak is quite weak making its accurate determination difficult. Figure 5 . The net (minus background) uranium spectrum (10.075% 235U) from 80 to 87 keV. As can be seen the 238U / 234Th 83.300 peak is quite weak, making good peak intensity measurements difficult for this sample and/or lower concentrations of 238U.
Energy

-9 -The 87-100 keV Energy Region
This region has three peaks due to 238U, a number of 235U peaks and the two strong U kal and ka2 x-ray peaks. The tight clustering of peaks requires careful peak fitting and analysis. For most concentrations this is the region of primary interest since the 92.365 and 92.790 238U peaks are very near the 93.356 Th-kal/235U peak. The Th kal and Th ka2 x-ray peaks, due to 235U decay, bracket the 238U doublet. The 238U 95.85 peak is so weak and has so much interference from the Pa ka195.89 keV peak as to be virtually useless as a diagnostic tool. The main limitations on using this energy range are that at both high 235U and low 235U concentrations the signals of either the 238U peaks or the 235U peaks are too small, respectively, to accurately determine.
I o5
I o4 . The net count spectrum from 86 to 102 keV of a 10.075% 235U sample with the peaks grouped into their respective components. At this 235U concentration the 235U and 238U peaks are approximately equal. The fitting process uses both the protactinium and thorium x-rays from the 235U daughters to find the best fit to the combined 235U and 238U spectrum.
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The 100-118 keV Region This region is very complex with 21 peaks containing all the kp x-rays of U, Th and Pa plus a 109.2 keV gamma from 235U and a 112.82 keV peak from 238U. The large number of peaks and the overlap of peaks due to the wide Voight profile of the x-ray signals makes extracting useful peak ratios difficult. The Th and Pa x-ray peaks are tied to the 235U decay and might give a useful data if good branching ratios were available-unfortunately they are not. Figure 7 . shows the different x-ray multiplets in this region (each the sum of six x-ray peaks) and the two gamma rays. This energy region is not used in the analysis due to the difficult nature of the signals and the "poor" information available on branching ratios. I IO5 o4 t r - . The net count spectrum from 102 to 118 keV of a 10.075% 235U sample. In this energy range are 21 peaks, mostly thorium, protactinium and uranium kp x-rays.
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The 118-180 keV Region
The 118-180 keV region has relatively few peaks. The usually clean 120.90 keV peak of 234U is useful for obtaining an estimate of that isotope. This peak suffers in that it is usually weak (sometimes too weak to analyze), giving poor statistic answers and there are no near by peaks to ratio it to. For good accuracy the 120.90 keV peak intensity needs to be corrected for efficiency and gamma transmission.
There are usually no 238U/daughter peaks of sufficient intensity to be of interest in this region. The only exception is for depleted uranium spectra where the normally weak 131.300 keV 238U/234Pa peak is enhanced and the 143.760 keV 235U peak is one of the cleanest 235U peak available (see Figure 8b ). Trying to dig the 93.35 keV 235U/Th x-ray peak out of the 82-102 spectral regions is very inaccurate at very low 235U concentrations and these isolated 235U and 238U/daughter peaks in the 118-180 keV region can be more accurately analyzed. The 143.76 and 163.33 keV 235U peaks are also potentially useful for establishing the average material thickness in the sample by analyzing their relative intensities. Both of these techniques are utilized in the U235 code for low 235U concentrations and transmission corrections. Figure 8a . The gamma spectrum from 118 to 180 keV of a 10.075% 235U sample. Peaks are rather sparse in this region with usable 238U peaks mainly showing up at low 235U concentrations. The -13 -234U peak at 120.90 keV is usually quite weak but can usually be analyzed because of its isolation. Lack of good statistics on this peak may limit its accuracy. concentrations.
UO
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The 180-210 keV Region
The 180-210 keV region has several prominent 235U peaks including the most intense 235U peak at 185.715 keV. This peak, in conjunction with the 98.443 keV uranium x-ray peak, is used to determine a more accurate gain and zero for the spectrum and to verify that 235U is present in the spectrum. There are no easily observable 238U peaks in this region. The only major uncertainty here is the 185.712 keV peak which has several other weak peaks around it that must be corrected for to get a good 185.715 keV peak intensity. One of the significant variations observed in this region is the 185.715 keV peak height to 188 keV background ratio. This ratio is found to vary from about 1000 at 90% enrichment to 1 at .02% enrichment. This change is attributed to the high energy gammas in 238U decay and the contribution they make to the Compton continuum in this energy region. Further investigation is needed to see if these ratios are a function of sample, and detector type-or a universal characteristic of uranium spectra. This ratio is of potential usefulness in establishing a quick estimate of the 235U enrichment. A spectrum with a high 185.712 to 188 keV ratio has almost certainly a "high' 235U enrichment. Conversely a weak 185.715 peak with a high Compton continuum has a low 235U enrichment. Figure 9 . The net count spectrum from 180 to 210 keV of a 10.075% 235U sample. In this region there are typically no 238U peaks intense enough for any peak analysis.
-15-The 210-300 keV Region The 210-300 keV region only has one strong 238U/23hPa peak at 258.2 keV. This peak is too weak to be of any great interest. The overall low intensity of this region lowers its utility in analyzing isotopic ratios. 
300
Energy (keV) Figure 10 .. The net count spectrum from 210 to 300 keV of a 10.075% 235U sample. In this region there is only one 238U peak of interest and a few 235U peaks. Table 1 
U235 Calculation Results
shows the results of the U235 code calculations using the 238U peaks at 92.29 and 92.7 keV
Summary:
Algorithms are being developed to better subtract backgrounds and improve the high concentration 23% results. Future plans include expanding the coverage to higher than 300 keV for more complicated spectra and expanding the code to handle mixed Pu and U spectra better.
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Appendix A Gamma and X-ray Decay of 235U and 238U and their Daughters
(data from 49-300 keV) The gammas energies listed in bold are used with these branching ratios listed in column three to determine 235U/238U/234U ratios by the U235 code. All x-rays listed as IC-decay are internally converted in the isotope and decay with the isotopes decay characteristics-half-life and isotopic composition. All x-rays labeled as fluorescence are caused (nearly completely) by photoelectric absorption in the material and subsequent L-K shell electron decay. These x-rays are characteristic the physical properties of the material and not its isotopic composition. Gammas and x-rays are list by energy. This should allow quicker identification of observed spectra and may help pinpoint potential interference in a given measurement. Only the "strongest" lines are listed, many other gammas in this range are normally too weak to observe. These lines will occur with different inten: depending upon the isotopic concentration being observed. The branching ratios listed in column t are the ones presently used at LLNL. 
92-uranium-238
( 238U is also called uranium I ) 
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